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The goldfish is an important animal model for retinal processing and for understanding the 
relationship between retinal structure and function. The purpose of this study was to examine the 
temporal processing of the visual system of this species. Goldfish were classically conditioned to 
suppress respiration upon presentation of a sinusoidally flickering stimulus. Temporal contrast 
sensitivity functions (T-CSFs) were determined by measuring contrast threshold at a variety of 
temporal frequencies across different mean luminances. Goldfish T-CSFs were found to be similar 
in shape to those of humans. In addition, as the mean luminance of the stimulus decreased, temporal 
resolution decreased. This implies that the animal's ability to detect high flicker frequencies 
decreases as the level of fight adaptation decreases, as does that of humans. The results support the 
notion that temporal processing is similar across vertebrate species, and therefore that the goldfish 
is a useful model for studying temporal processing in the vertebrate retina. © 1997 Elsevier Science 
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INTRODUCTION 
Kelly (1961) measured the contrast thresholds of humans 
to sinusoidally flickering light as a function of temporal 
frequency and stimulus mean luminance. Results in- 
dicated that the human visual system was more sensitive 
to a specific middle range of temporal frequencies than to 
higher or lower temporal frequencies, illustrating that the 
temporal tuning of humans was band-pass in its 
characteristics. Temporal tuning also varied as a function 
of mean luminance. In general, as mean luminance 
decreased, the tuning characteristics hanged from band- 
pass to low-pass and temporal resolution (i.e., critical 
flicker frequency or CFF) decreased. 
The goal of the present research was to examine the 
temporal properties of the goldfish visual system in order 
to validate its use as a model for vertebrate vision and to 
compare its performance with that of humans. The 
goldfish was selected because much is known about its 
retinal physiology, including the temporal properties of 
its ganglion cells (Bilotta & Abramov, 1989). Although 
we have obtained spatial contrast sensitivity functions in 
goldfish (Bilotta & Powers, 1991), temporal contrast 
sensitivity functions (T-CSFs) have yet to be examined. 
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In a sense, this study was a replication of Kelly's (1961) 
study with goldfish instead of human subjects. 
METHOD 
Subjects 
The subjects were common goldfish (Carassius 
auratus) obtained from Ozark Fisheries (Stoutland, 
MO). The fish were 8-10 cm in length, measured from 
nose to base of tail. They were maintained under a 12 hr 
light/dark cycle for at least 2 weeks prior to the 
experiments. Testing occurred at approximately the same 
time daily in order to control for any effects of circadian 
changes in visual sensitivity (Bassi & Powers, 1987). 
Apparatus 
Details of the apparatus and training and testing 
procedures have been published elsewhere (Bilotta & 
Powers, 1991). Fish were placed in a small Plexiglas box 
suspended from the side of an aquarium. A thermistor in 
front of the fish's mouth measured water currents created 
by the animal's respiration. The voltage change across 
the thermistor was displayed on a storage oscilloscope 
(Tektronix; Model 5113) and sent to the laboratory 
computer (IBM Compatible PC). 
The stimulus consisted of a spatially uniform field 
whose luminance varied sinusoidally as a function of 
time; stimuli were produced by an image generator 
(Innisfree, Cambridge, MA; Picasso) displayed on a high- 
resolution oscilloscope (Tektronix; 608, P31 phosphor) 
(CRT). The apparent distance from the stimulus to the 
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eye, correcting for the different refractive indices of 
water and air, was about 18 cm. The stimulus display 
subtended vertical and horizontal visual angles of 31 and 
40 deg, respectively. Temporal frequencies were 0.5, 1.0, 
2.0, 4.0, 8.0 and 16.0 Hz. 
Stimulus contrast was defined as: (maximum lumi- 
nance - minimum luminance)/(maximum luminance + 
minimum luminance). The unattenuated mean luminance 
of the CRT was 10 cd/m2; the mean luminance of the 
display was varied by placing neutral density filters 
(Kodak; Wratten No. 96) in front of the display. 
Procedures 
Training. Training followed closely the procedures 
used by Bilotta & Powers (1992). Prior to testing, fish 
were classically conditioned to suppress respiration upon 
presentation of a high-contrast sinusoidally flickering 
stimulus. The conditioned stimulus (CS) for the initial 
training sessions was a 2 Hz flickering stimulus with a 
mean luminance of 10 cd/m 2. Stimulus contrast was 45% 
and CS duration was 5 sec. Following CS termination, 
the stationary field reappeared, and the fish received a 
mild tail shock (unconditioned stimulus; UCS) 50 msec 
after the CS was replaced by the stationary field. Training 
sessions continued until the subject responded (sup- 
pressed respiration by at least one-half of baseline 
respiration) on 80% of the trials per session for two 
consecutive training sessions (see Powers & Easter, 1978 
for details). Training procedures were repeated at all 
temporal frequencies used in testing to ensure that 
subjects were highly trained at all temporal frequencies 
(see Bilotta & Powers, 1992). 
Testing. Prior to each test session, the subject was dark 
adapted for at least 30 min. The animal was then placed 
in the apparatus and allowed to adapt o the CRT's mean 
luminance for at least 15 rain. 
To determine contrast sensitivity, an observer-based 
two-alternative forced-choice procedure was used (Bi- 
lotta & Powers, 1991). In this procedure, a human 
observer decided which of two intervals contained the 
flickering stimulus based on the fish's respiration pattern. 
Before each trial, the computer andomly determined 
which of the two intervals actually contained the 
stimulus. The observer's decision then was made by 
comparing the fish's respiration patterns during the two 
intervals, which were displayed simultaneously on the 
computer screen. The observer received feedback 
regarding his/her decision (see Bilotta & Powers, 1991 
for details). The advantage of the observer-based 
procedure is that it provides reliable CSFs relatively 
quickly and requires no specific criterion for response 
(Bilotta & Powers, 1991). 
For each temporal frequency, stimulus contrast was 
varied using a staircase procedure consisting of 20 trials 
and starting at 45% contrast. If the observer correctly 
guessed the interval where the stimulus was presented, 
contrast during the next trial was lowered by 0.3 log u- 
nits; if the observer guessed incorrectly, the next contrast 
was 0.3 log units higher. The order of temporal frequen- 
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FIGURE 1. Mean luminance affects temporal contrast sensitivity. 
Average T-CSFs of three fish at different mean luminances are shown. 
The stimulus consisted of a spatially uniform field that varied 
sinusoidally in time. The mean luminances were 10 cd/m 2 (filled 
circles), 10 -1 cd/m 2 (open circles), 10-3cd/m 2 (filled squares), 
10 -4 cd/m 2 (open squares), and 10 -5 cd/m 2 (filled triangles). Log 
contrast ensitivity is defined as: log(l/threshold contrast). Error bars 
equal ± 1 standard error of the mean (SEM). 
cies was 2.0, 8.0, 16.0, 4.0, 1.0, and 0.5 Hz for each fish. 
Once all the temporal frequencies were tested at one 
mean luminance, the same procedures were repeated for 
the other mean luminances. The range of mean 
luminances was from 10 to 10 -5 cd/m 2. 
Contrast hreshold was determined from the data of 
each staircase procedure. Contrast hreshold was defined 
as the contrast that yielded 75% correct response, by the 
method of Dixon & Mood (1948; see Bassi & Powers, 
1986 for details). In general, complete T-CSFs were 
derived at two or three mean luminances in any one test 
session; complete T-CSFs were obtained at all five mean 
luminances within three test sessions. The complete T- 
CSF was measured three times for each fish in order to 
provide three different hreshold measurements. Average 
contrast sensitivity values and standard errors for each 
temporal frequency were calculated from the three 
threshold measurements. 
RESULTS 
Figure 1 shows the average T-CSFs of three fish at 
different mean luminances. Figure 2 shows the individual 
T-CSFs for each of the three fish. In Fig. 1, at the highest 
mean luminance (10 cd/m2), the function is band-pass 
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FIGURE 2. Individual T-CSFs for three fish. All demonstrate he general trend of a shift from band-pass to low-pass functions, 
as well as a decrease in the CFF with a decrease in mean luminance. Other details as in Fig. 1. 
and peaks at approximately 2 Hz. The CFF at l0 cd/m 2, 
determined by extrapolating to find the temporal 
frequency detectable at 25% contrast (0.6 on the log 
contrast sensitivity axis), is about 24 Hz. This stimulus 
contrast was used to derive the CFF since under most 
mean luminance conditions, the CFF value could be 
interpolated between two data points and not extrapolated 
beyond the data. 
Figure 1 also shows that the ability of the fish to resolve 
high temporal frequencies decreased at lower mean 
luminances. At a mean luminance of 10 -1 cd/m 2, the 
CFF was about 13 Hz. As mean luminance was decreased 
to 10 -5 cd/m 2, the CFF shifted to approximately 1 Hz. In 
addition, as mean luminance decreased, the low 
frequency attenuation appeared to decrease. That is, the 
characteristics of the function shifted from being band- 
pass to low-pass with decreasing mean luminance. 
To examine the effects of mean luminance on temporal 
resolution in more detail, Fig. 3 shows temporal 
resolution as a function of mean luminance. As mean 
luminance increased, the subjects' ability to resolve 
temporal frequency stimuli improved. Note that at a 
mean luminance of approximately 10 -4  to  10 -3  cd /m 2 
there appears to be a change in the slope of this function. 
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FIGURE 3. Temporal resolution varies with mean luminance. As mean luminance increases, the subject's ability to resolve 
temporal frequency stimuli increases. Temporal resolution was determined by interpolation of each average T-CSF at a log 
contrast sensitivity value of 0.6 (25% contrast). See text for details. A transition point occurs at a mean luminance between 10 -4 
and 10 -3 cd/m 2, as seen from the change in slope that occurs between these mean luminances. 
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FIGURE 4. Altering the stimulus duration did not affect temporal 
contrast sensitivity. Contrast sensitivity values at temporal frequencies 
of 1 and 4 Hz were obtained using a 5 and 2.5 sec observer window. 
The mean luminance was held constant at 10cd/m 2. Contrast 
sensitivity between the 5 and 2.5 sec windows were not significantly 
different. Thus, the number of times the stimulus was presented oes 
not appear to have an effect on contrast sensitivity. See text for details. 
Manipulation check on the number of flicker presenta- 
tions 
There was some concern that the number of stimulus 
cycles presented per trial might influence the detection of 
the stimulus (e.g., the 2 Hz stimulus appears twice as 
often per trial than a 1 Hz stimulus, given the same 
stimulus duration). In order to determine whether this 
was a factor, testing procedures were performed inwhich 
half of the observer's screen was covered for temporal 
frequencies of 1 and 4 Hz. During these procedures, the 
observer was only able to use information based on one- 
half of the number of stimulus cycles. The results howed 
that stimulus duration of the two temporal frequencies 
did not affect he observer's ability to determine contrast 
sensitivity. Figure 4 depicts the contrast sensitivities 
obtained with half of the observer's computer screen 
obscured [a 1 Hz stimulus with a 5 second observer 
window (5 cycles total) and a 2.5 sec window (2.5 cycles 
total), and a 4 Hz stimulus with 5 and 2.5 sec windows 
(20 and 10 cycles, respectively)]. The mean luminance in 
each condition was 10 cd/m 2. The difference in sensitiv- 
ity between the two stimulus durations for the 1 Hz 
stimuli was -0.05, while the sensitivity difference for the 
4Hz stimuli was +0.16. These differences were not 
significant (Z2(1, N = 2) = 0.02, p > 0.05). These results 
are consistent with the finding reported by Powers & 
Easter (1978) that the fish suppresses respiration at the 
onset of a detectable stimulus. 
DISCUSSION 
Goldfish produced T-CSFs that are similar in shape'to 
those of human subjects (Kelly, 1961). Human T-CSFs 
peak at much higher temporal frequencies, yet the 
minimum contrast thresholds (i.e., the amount of contrast 
necessary for detection at peak sensitivity) of the two 
species are comparable. Also, at high mean luminances 
both human and goldfish T-CSFs are band-pass. 
Although the shape of the T-CSF is similar for goldfish 
and humans, the range of temporal frequencies towhich 
each species is sensitive is somewhat different. Humans 
are able to detect higher temporal frequencies than 
goldfish, but they are not as sensitive to the lower 
temporal frequencies. The low frequency attenuation 
found in the human T-CSF has been attributed to the 
contribution of an inhibitory mechanism (Kelly, 1961). 
We hypothesize that the goldfish possesses a similar 
mechanism. 
Effects of mean luminance 
Decreasing mean luminance has similar effects on T- 
CSFs in goldfish and in humans. The CFF shifts to lower 
temporal frequencies and attenuation atlow frequencies 
is reduced, causing the characteristics of the function to 
change from band-pass to low-pass. Physiological studies 
have not yet been performed in goldfish to examine 
whether similar effects of mean luminance occur at the 
ganglion cell level. However, experiments of this type 
have been done in the cat (Derrington & Lennie, 1982; 
Enroth-Cugell & Robson, 1966). In these studies, similar 
effects of mean luminance on the responses of ganglion 
cells have been reported. 
A common explanation ofthe effects of lowering mean 
luminance on retinal physiology is that as mean 
luminance is decreased, the input of the antagonistic 
surround mechanism to the overall response of the 
ganglion cell is reduced (Barlow, Fitzhugh, & Kuffler, 
1957; Kaplan, Marcus, & So, 1979). Although there are 
no differences in temporal tuning between center and 
surround mechanisms in goldfish ganglion cells (i.e., the 
center and surround are sensitive to the same range of 
temporal frequencies), there are differences in the phase 
lag between these mechanisms with temporal frequency. 
Bilotta & Abramov (1989) found that at high temporal 
frequencies, the center and surround mechanisms are in 
phase and actually enhance sensitivity to those stimulus 
frequencies, while at lower frequencies they are out-of- 
phase and thus antagonize ach other to produce 
attenuation. This phenomenon helps to explain the effects 
of mean luminance on the behavioral T-CSF. If the 
contribution of the surround mechanism decreases when 
mean luminance is reduced, then there would be less 
interaction between the center and surround mechanisms, 
resulting in a decrease inattenuation at lower frequencies 
(because of lowered input from the antagonistic 
surround). At higher temporal frequencies, the center 
and surround would no longer be additive, so that only 
the center input would be contributing tothe response and 
thus, sensitivity at high temporal frequency would be 
reduced. 
Temporal resolution and mean luminance 
As mean luminance decreases there is a decreased 
ability to resolve temporal frequency (Fig. 3). The change 
in the slope of this function may be due to a shift from 
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using cone-mediated vision at high mean luminances to 
mixed rod--cone mediated vision at the lower mean 
luminances (Shlaer, 1937). Interestingly, the transition 
point reported here for temporal vision occurs at 
approximately the same mean luminance as in spatial 
resolution for this species (Bilotta & Powers, 1991). In 
contrast with reports on other fish species, the CFF values 
in the present study differ. For example, Ali and 
Kobayashi (1968) found that the CFF for brook trout 
was higher than reported here for goldfish. This could be 
due to the fact that the overall mean luminances differed 
between the two studies 
In sum, temporal processing by the visual system of 
goldfish is similar to humans. Goldfish have T-CSFs with 
a similar shape to those of humans (Kelly, 1961). Also, 
changes in mean luminance affect goldfish T-CSFs in the 
same way as human functions. Although the range of 
stimuli to which the two species are sensitive is not 
identical, the similarities in the general shape of the 
function and the effects of stimulus parameters on the 
function suggest hat ,;imilar physiological processes 
must be involved in goldfish and humans. Thus, this 
study supports the hypothesis that the goldfish is a useful 
model for studying the retinal determinants of both 
spatial and temporal vision. 
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